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Abstract: Several dual-curable acrylic pressure-sensitive adhesives (PSA) were synthesized by the radical polymer-
ization of acrylic monomers containing benzophenone, hydroxyl, and alkyl groups. The optimum extent of UV-
induced cure was determined by varying the content of the benzophenone groups (the photoinitiator) from 0.5 to 1.5
wt%. The weight average molecular weight of the polymers obtained ranged from 300,000 to 700,000 amu. The
coated pressure-sensitive adhesives were cured either by short UV exposure to induce the grafting of acrylic poly-
mers, or by heating for 6 h at 60 °C to promote the reactions between the polyisocyanates and hydroxyl groups. The
dual-curing behavior was determined by monitoring both processes quantitatively by infrared spectroscopy. The
developed dual-curable acrylic pressure-sensitive adhesives were found to compensate for the limitations in UV-

induced curing of thick coatings.
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Introduction

Pressure-sensitive adhesives (PSAs) are almost indispens-
able in everyday life, being used for labels, tapes, films, and
other special adhesive applications.”* The demand for the
radiation-curable acrylic PSA type of solvent-based acrylic
copolymers has been increasing in recent years due to fast
production rates and promising new properties of chemical
cross-linking bonding.” Usually a radiation-curable acrylic
PSA that can be cured with UV light contains a photoinitia-
tor group. This photoinitiator can be directly incorporated in
the main chain of the polymer, with the advantage of having
no low-molecular-weight residues that are often responsible
for a strong odor and also can result in adhesion failures
after cross-linking.%”

The main drawback of radiation-curable PSAs has been
the curing thickness being limited to approximately 100 zm
due to filtering of the UV light.* Attempts to overcome this
problem have introduced a cationic cross-linking mecha-
nism into the radiation-curable PSA. Radiation-cationic-
curable PSAs can be cured for thicknesses of 1-2,000 zm,
but they still exhibit problems such as slow curing and
being expensive.”' The limitation of the curable-coating
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thickness in radiation-curable PSAs has prompted us to
study dual-curable PSAs that combine UV irradiation and
thermal curing processes. This system contains two types of
reactive functions: (1) a UV-curable functional group (a
photoinitiator) and (2) a thermally curable functional group
(polyols to react with the polyisocyanate).

In this study, several acrylic copolymers for dual-curable
PSAs have been synthesized by the radical polymerization
of acrylic monomers including benzophenone, hydroxyl,
and alkyl groups. The synthesized acrylic copolymers were
formulated with a polyisocyanate cross-linker to yield dual-
curable PSAs. The dual-curing processes of the prepared
PSAs were monitored quantitatively by infrared spectros-
copy. We also studied the effect of coating thickness on the
extent of UV-induced cure, and assessed the extent to which
the additional thermal curing compensated for the limited
UV-induced curing in thick coatings.

Experimental

Materials and Synthesis. 2-Ethylhexyl acrylate (2-EHA),
2-hydroxyethyl methacrylate (2-HEMA), acrylic acid, di-
methylaminoethyl methacrylate, benzophenone, and 2,2°-
azodiisobutyronitrile (AIBN) were purchased from Aldrich
Chemical. An acrylic photoinitiator (4-benzophenone dieth-
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yleneglycol acrylate) was obtained from SK Cytec (Korea),
and a chain transfer agent (trimethylolpropane tri(3-mercap-
topropionate)) was supplied by Bruno Bock Chemische
Fabrik (Mannheim, Germany).

A typical dual-curable PSA was synthesized according to
the following procedure. Ethyl acetate (286 g) was placed
into a 1 liter four-necked flask equipped with a reflux con-
denser, stirrer, thermometer, and nitrogen inlet, and heated
to 80 °C. The monomer mixture of 2-cthylhexyl acrylate
(58.1 g), 2-hyroxyethyl methacrylate (20.21 g), butyl acry-
late (202. 63g), acrylic acid (8.0 g), 4-benzophenone dieth-
yleneglycol acrylate (1.374 g) and trimethylolpropane tri(3-
mercaptopropionate) (0.1 g) including 1.59 g of AIBN in
acetone (18.2 g) was slowly added over 4 h. The reaction
mixture was maintained at 80 °C for 5 h and cooled to room
temperature. The solid content of the polymer solution was
55 wi% from the gravimetric method (120 °C oven x 30
min).

Measurements. The molecular weights of the synthe-
sized dual-curable PSA were estimated by size exclusion
chromatography, using two Waters Styragel (HR 3 and HR
4) columns that connected to a M930 solvent delivery mod-
ule and a RI 750F refractive-index (RI) detector (Younglin
Instrument Co., Korea). The mobile phase was HPLC grade
tetrahydrofuran and calibration was with near-monodisperse
polystyrene standards purchased from Polyscience Inc.

Depth profiles of the extent of UV-induced cure at the
adhesive-substrate interface were obtained by FI-IR/ATR
spectroscopy (Spectrum GX, Perkin Elmer). The spectrom-
eter was equipped with a 45°-cut ATR crystal made from
ZnSe, and the number of scans was 128 with a resolution of
8 cm™. The calculated absorbance was treated as an average
over a penetration depth of approximately 2.0 x#m. Samples
with adhesive-coating thicknesses from 20 to 100 zm were
prepared. The adhesive was coated on the quartz surface
using different drawing-bar coaters, and the opposite side of
the adhesive was in contact with the ATR crystal to obtain
the FT-IR signals. The samples were exposed through the
quartz to the UV radiation from a metal-halide lamp (EFOS
UV system) via a fiber optic guide. The UV-B dose at sam-
ples was 29 mW/cm? over the wavelength range from 280
to 320 nm.

Samples for testing the PSA properties were prepared as
follows. The prepared acrylic copolymers and their blends
with the polyisocyanate cross-linker were poured on corona-
treated PET films. They were coated by a bar coater at thick-
nesses of 50, 62.3, and 75.0 zm, dried for 5 min at 80 °C, UV
irradiated, and then aged for 24 h at 60 °C. The adhesive
strength was measured according to the ASTM D3654
method (H5KS, Tinus Olsen) using a peel angle and rate of
180 and 300 mm/min, respectively. The probe tack-dis-
placement behaviors of the synthesized PSAs were mea-
sured using a texture analyzer (Micro Stable Systems, TA-
XT2i) with a stainless-steel cylinder probe with a diameter
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of 10 mm. The measurements were carried out at separation
rates of 10 mm/sec under a constant pressure of 100 gf/em’
and a dwell time of 1 sec at room temperature.

Results and Discussion

Synthesis of Dual-Curable Acrylic Copolymers for PSAs.
Several dual-curable acrylic copolymers having hydroxyl,
benzophenone, and alkyl groups for PSA were synthesized
by solution radical polymerization as shown in Figure 1. 4-
Benzophenone diethyleneglycol acrylate was directly incor-
porated into the polymer main chain as an acrylated photo-
initiator, which provided the advantage of having no low-
molecular-weight residues after cross-linking. The synthesis
recipes of the dual-curable acrylic copolymers for PSAs are
summarized in Table 1. To obtain the optimum extent of
UV-induced cure, the concentration of the benzophenone
group was varied from 0.5 to 1.5 wt%. As Czech reported,
increasing the acrylated photoinitiator content greatly
increases the viscosity of a dual-curable acrylic copoly-
mer.''? Therefore, we controlled the molecular weight and
solvent viscosity of the acrylic copolymers using different
concentrations of the chain transfer agent, trimethylolpro-
pane tri(3-mercaptopropionate) (0.03-0.06% w/w). The
weight average molecular weights of the obtained polymers
ranged from 300,000 to 700,000.

The synthesized acrylic polymers were formulated with a
polyisocyanate cross-linker (Coronate L, Nippon Polyurethane
Industry, Japan) to give a dual-curable PSA. After evaporat-
ing the solvent by brief heating, the coated PSAs were cured
either by a short UV exposure to induce the cross-linking of
acrylic polymers, or by heating for 6 h at 60 °C to promote
the reactions of the polyisocyanates and the hydroxyl
groups. Both processes were monitored quantitatively by
infrared spectroscopy to evaluate the dual-curing behaviors,
because this technique allows the chemical modifications
induced in PSA coatings by UV radiation or heat to be mon-
itored accurately.

Effect of Coating Thickness on the Extent of UV-Induced
Cure. Figure 2 shows a schematic of the photocuring mech-
anism of radiation-curable PSAs."" Upon UV irradiation of
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Figure 1. Radical polymerization of acrylic monomers for dual-
curable acrylic copolymers.
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Table I. Recipes for the Synthesis of Dual-Curable Acrylic Copolymers for PSAs. PI, Photoinitiator

Ingredient Reactor Charge

P1(0.5 wt%) P1 (0.5 wi%) + Amine  PT (1.0 wt%) PI (1.5 wt%)
2-EHA 58.1 58.1 58.1 58.1
2-HEMA 20.21 20.21 20.21 20.21
Butyl acrylate 202.63 202.63 202.63 202.63
Acrylic acid 8 8 8 8
4-Benzophenone diethylene glycol acrylate 1.374 1.314 2.748 4.122
Trimethylopropane tri(3-mercaptopropionate) 0.1 0.1 0.2 02
Dimethylaminoethyl methacrylate® 0.687
AIBN/acetone 1.59/18.2 1.59/18.2 1.59/18.2 1.59/18.2
Ethyl acetate 286 286 286 286

“‘Dimethylaminoethyl methacrylate was used as an amine synergist for the benzophenone-initiated UV curing.

Figure 2. A schematic representation of the photochemical cross-
linking induced by UV irradiation."!

the acrylic PSA, the excited carbonyl groups of the ben-
zophenone moiety extract protons from the polymer back-
bone, and then recombines with carbon-centered radicals to
produce cross-linking networks in the adhesive. The copo-
lymerized benzophenone groups are converted during the
UV-induced photochemical reaction of the acrylic adhesive.
Therefore, the conversion of the benzophenone groups can
be investigated by observation of their characteristic absorp-
tion band at 1663 cm™ (v for C=0). However, the amount
of photoinitiator (0.5-1.5 wt%) in the above synthesized
PSA is too small to detect the carbonyl absorption peaks in
our synthesized acrylic copolymers. We therefore added
2 wt% benzophenone into the 1.0 wt% acrylic copolymer to
investigate the change of carbonyl peak during UV irradia-
tion. Although this was not a real-time method, the changes
in the absorption could be followed successfully due to the
absence of post reactions.

Figure 3 shows the carbonyl absorption variations of the
benzophenone in the synthesized acrylic PSA before and
after UV curing at the bottom of coatings with different
thicknesses. The carbonyl absorption peak in the synthe-
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Figure 3. Carbonyl absorption of the copolymerized benzophe-
none groups at the bottom of layers before and after an UV irradi-
ation for various coating thicknesses.

sized PSAs containing 2 wt% benzophenone was clearly
evident at 1663 cm™' before UV irradiation. In our experi-
ment, the UV dose was fixed at 29 mW/cm? over the wave-
length range from 280 to 320 nm. Figure 3 reveals that the
absorption of the benzophenone groups at the bottom of the
layer gradually decreased with decreasing thickness of the
coating. The intensity of UV light which is transmitted
through a layer with a certain absorption is decreased in
relation to the Beer-Lambert law. With increasing absorp-
tion, i.e. with increasing the coating thickness, the remain-
ing intensity rapidly drops down. This internal-filter effect
of the benzophenone groups leads to an increasing retarda-
tion of the reaction with increasing thickness of the coating.
Integration of the peak area of the carbonyl absorption in
Figure 3 can be converted to the percentage benzophenone
conversion as a function of coating thickness.

Macromol. Res., Vol. 16, No. 2, 2008
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Figure 4. Depth profile of the conversion of the externally added
benzophenone after UV irradiation at 29 mW/cm” over the wave-
length range from 280 to 320 nm.

Figure 4 shows the benzophenone-group conversions
after the UV irradiation as a function of coating thickness.
The conversion of benzophenone groups gradually decreased
with increasing coating thickness, with the maximum UV
curing thickness limited to 100 gm in our experiments.
Scherzer er al. previously reported data of the conversion of
the copolymerized benzophenone group at various depths,’*!
and similarly showed that the conversion of the benzophe-
none groups gradually decreased with the increasing coating
thickness. We therefore hypothesized that the insufficient
UV curing exhibited by thick coatings could be compen-
sated by additional thermal curing.

Thermal Curing Behaviors of the Dual-Curable Acrylic
PSAs. We also monitored the thermal curing reactions that
generate the polyurethane network in the dual-curable PSAs
with infrared spectroscopy. Polyisocyanate at 1.5 wt% was
added to the PSA formulations because of a slow curing
reaction. A 28-gm-thick film was applied onto a quartz
crystal and heated at 60 °C for 6 h. After removing the sol-
vent (which represented 55 wt% of the solid content of the
formulation), IR spectra were taken at regular time intervals
using the FT-IR-ATR spectrometer.

Figure 5 shows the differential spectra obtained after sub-
traction of the TR spectrum of the uncured sample. The
spectra are characterized by the disappearance of the
2270 cm ! band that is characteristic of stretching modes of
the isocyanate (-NCO) group. It was found that the thermal
curing required to produce polyurethane networks was
slower than expected. The thermal curing process for the
quantitative conversion required heating at 60 °C for at least
6 h. The UV curing process of the PSA required exposure to
UV light for only short periods (of the order of several sec-
onds), as is typical for the curing conditions at the line
speeds used. The results of IR experiments indicated that
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Figure 5. [socyanate IR absorption of the dual-curable PSAs
containing 1.5 wt% polyisocyanate cross-linker (Coronate L) for
heating at 60 °C for up to 6 h.

heating from the UV lamp did not significantly contribute to
the reactions of polyisocyanates and hydroxyl groups.

Adhesion Properties of the Dual-Curable Acrylic
PSAs for Differing Curing Processes. The required coat-
ing thickness depends on the application of a PSA, and is
typically in the range from 10 to about 130 gm. The degree
of adhesion to both the adhesive substrate and the opposite
side as well as the adhesive properties depend on the degree
of cure and its spatial distribution over the profile of the
coating, with a homogeneous through cure of the adhesive
being essential to attaining optimum properties. Table 11
summarizes the 180°-peel adhesion strength of the dual-cur-
able PSAs as functions of coating thickness and curing pro-
cess (UV curing only or UV plus thermal curing).

It is known that the adhesive becomes more cohesive in a
typical PSA formulation as the more polymer chains undergo
the cross-linking reaction, while their adhesions decrease.
Figure 6 shows the effects of photoinitiator concentration
on the peel adhesion strength in the PSA samples cured
using UV only. The content of benzophenone photoinitiator
was varied from 0.5 to 1.5 wt%. Figure 6 shows that the
peel adhesion strength of PSA samples with only UV curing
increased markedly with the coating thickness due to the
insulficient curing of thick coatings. Moreover, increasing
the photoinitiator content from 0.5 to 1.5 wt% did not
improve the homogeneity of the cured networks in thicker
coatings. This tendency was greater when the concentration
of the photoinitiator was higher, due to its UV absorption.
These observation were supported by the above depth-pro-
file experiments showing that the conversion of the benzo-
phenone group gradually decreased with increasing coating
thickness (Figure 4). In order to increase the UV-induced
cure rate, we also prepared PSA formulations containing an
amine synergist, which is generally required for benzophe-
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Table I1. Adhesion Strength (for a 180° peel) of the Dual-Curable PSAs as Functions of the Coating Thickness and Curing Process (UV

Curing Only and UV+Thermal Curing}

PI¢ Content Coating Thickness  Adhesion (kgficm) for Adhesion (kgf/em) for Adhesion (kgf/cm) for
(Wt%) (m) UV Curing Only UV+Thermal Curing After 1| ' UV+Thermal Curing After 24 h
50.0 0.73861 0.29929 0.16837
0.5 62.5 0.75932 0.69502 0.13664
75.0 0.83600 0.87114 0.20607
50.0 0.55549 0.29716 0.18882
1.0 62.5 0.81637 0.32041 0.23734
75.0 0.85682 0.58732 0.35742
50.0 0.41485 0.34924 0.19375
1.5 62.5 1.03110 0.57983 0.30274
75.0 1.09234 0.63907 0.38809
50.0 0.46559 0.20743 0.41570
0.5 + Amine 62.5 1.53025 0.25111 0.34721
75.0 1.00739 0.32753 0.43982
“4-Benzophenone diethyleneglycol acrylate was used as a PI (photo initiator) for the benzophenone-initiated UV curing.
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Figure 6. Effects of photoinitiator (PT) concentration on the peel
adhesion strength of PSA samples cured with UV-B irradiation of
29 mWieny’,

none or other hydrogen-extracting photoinitiators, and stud-
ied the effects on UV curing behaviors for different coating
thicknesses. However, Figure 6 indicates that the amine
synergist had little effect in our experiments with thick UV-
cured coatings. It is assumed that the amine synergist had no
effective on the UV curing at the bottom of thick layers, but
is helpful for the surface curing due to the regeneration of
strongly propagating free radicals from weak peroxide radi-
cals.”

Figure 7 shows the peel adhesion strength as a function of
the curing process (UV curing only and UV plus thermal
curing). The peel adhesion strength was lower for the UV-
cured samples followed by the subsequent thermal curing
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Figure 7. Peel adhesion strength of dual-curable PSAs contain-
ing 1.0 wt% P! as a function of the curing process (UV cure only
and UV + thermal cure).

than for those cured with UV only. As the polymer chains
undergo the cross-linking reactions, the adhesive becomes
more cohesive and the generated cross-linked connections
inhibit extensively the mobility of the polymer. The
decreased peel adhesion strength of UV plus thermal cured
samples can be explained by this inhibited mobility of the
polymer chains. Moreover, the peel adhesion strength of
UV plus thermal cure samples was not markedly affected by
the coating thickness. This implies that a dual-curable PSA
based on UV and thermal processes exhibits a more homo-
geneous cross-linking network than a PSA cured with UV
only as the coating thickness increases.

It has been known that the tack of polymer is decreased

Macromol. Res., Vol. 16, No. 2, 2008



Dual-Curable Acrylic Pressure-Sensitive Adhesives Based on UV and Thermal Processes

— UV ]
404 e UV+Thermal
//\
§ 30
k3 p
3]
8 \
@ 204
£
< [ \
a / Teell \
109 )
0+ ~r T T T T
0.0 0.2 04 1.0

Displacement {mm)

Figure 8. Probe tack-displacement curves of 75 zan thick coating
PSAs films containing 1.0 wt% P, as a functions of the curing
process (UV cure only and UV-+thermal cure).

by the degree of cross-linking.'® Figure 8 shows the effects

of the curing process on probe tack-displacement behaviors
of dual-curable PSAs. Initial peak height and displacement
to debonding are the key features of the profile. The height
of the initial peak depends on the ability of the PSA to wet
the probe surface and the amount resistance it can exert
against the tack. Figure 8 shows that the probe tack strength
of the UV plus thermal cure sample was lower then that of
the UV only cure sample. The reduced probe tack strength
of UV plus thermal cure sample may be due to the increased
cross-linking networks between PSAs polymer chains rela-
tive to the UV only cure sample. From these results we con-
clude that the additional thermal curing of the developed
dual-curable acrylic PSAs compensated for the limited UV
curing in thick coatings.

Conclusions
In the present study, several dual-curable acrylic PSAs
were synthesized by radical solution polymerization of

acrylic monomers including benzophenone, hydroxyl, and
alkyl groups. The PSAs were cured either by a short UV
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exposure to induce the crogs-linking of the acrylic polymers, or
by heating for 6 h at 60 °C to promote the reactions of the
polyisocyanates and hydroxyl groups. The curing processes
were quantitatively monitored by infrared spectroscopy to
evaluate the UV and thermal curing behaviors. The devel-
oped dual-curable acrylic PSAs based on both UV and ther-
mal processes results in a homogeneous through cure of the
adhesive that overcomes the insufficient UV curing in thick
coatings.
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